Cuticles of some Chrysina scarabs are characterized by flat, graded, and twisted structures of nanosized chitin fibrils. As inferred from SEM images, each species has its own spatial period or pitch P which is dependent on the depth z through the cuticle. From Berreman's formalism, taking into account the corresponding P(z) dependence, we evaluate reflection spectra of C. aurigans and C. chrysargyrea scarabs. The spectra display the main spectral features observed in the measured ones when small sections of the cuticles are illuminated with non-polarized light, for wavelengths between 300 and 1100 nm. By considering these twisted structures as 1D photonic crystals, an approach is developed to show how the broad band characterizing the reflection spectra arises from a narrow intrinsic photonic band width, whose spectral position moves through visible and near infrared wavelengths. The role of the epicuticle that covers the twisted structures is analyzed in terms of a waxy layer acting as an anti-reflecting coating that also shows low levels of light scattering.
Introduction
As seen in reflection or transmission modes, nanosized non-light absorbing materials can display specific colors when they form part of organized micrometric structures. Constructive light interference is the basic phenomenon behind this physical effect responsible for what is nowadays called structural color, which also includes diffraction by gratings [1] and scattering by natural photonic crystals [2] as mechanisms capable of producing color. In the natural world, this is the case of chitin nano-fibrils which are the main constituent found in the cuticle of scarab beetles, where the micrometric structure consists of a twisted arrangement that shows a left-or righthanded chirality. These helicoidal arrangements, denoted as Bouligand-type chiral structures [3] , are responsible for the circular polarization of the light reflected by the cuticles, an effect first detected by Michelson [4] . From the bottom of the epicuticle, the chitin nano-fibrils are locally organized in planes. In a given plane, the nanofibrils are parallel to each other but for successive planes the azimuth orientation φ of the nano-fibrils gradually changes until completing several cycles [5] . These micrometric structures resemble frozen versions of cholesteric liquid crystals, where the role of the chitin nano-fibrils is played by rod-like macromolecules interacting with each other [6] . There are examples where the chitin nano-fibrils, at a given depth through the cuticle, with the corresponding azimuth angle φ specifying their orientation, are organized in extended planes. Cuticle of Chrysina aurigans scarabs is an example. A cut perpendicular or nearly perpendicular to the successive planes is seen in Scanning Electron Microscope (SEM) images as a multilayer structure, with the thinnest black layers corresponding to those depths where the orientation of the chitin nano-fibrils is parallel to the cut [7] . There are also cases where instead of planes of constant φ, what is displayed in the SEM images are successive convex cuts of constant φ. Cuticles of Chrysina gloriosa and Chrysina boucardi are examples of this type [8] [9] .
Helicoidal structures characterized by a constant pitch P o have been considered in literature [10] as well as arrangements with a small step in the pitch from some depth through the cuticle [11] . Our group has recently reported for Chrysina aurigans scarab beetles the presence of a pitch P that shows a smooth dependence with depth z through the cuticle [7] - [13] , i.e. P = P(z). Such dependence has been obtained from the SEM images that show a cut perpendicular or nearly perpendicular to the layered structure, by assuming a change of π in φ when following the depth z from a black layer to the next one. A novel method has been recently reported to obtain the z-dependence of the pitch from SEM images showing an oblique cut of the plywood structure. The displayed images show successive rows of arc-patterns whose shapes depend on the angle of incision and on the local pitch [14] [15] . Helical arrangements with constant pitches will display narrow peaks in their reflection spectra and visual appearances characterized by iridescent colors. Twisted structures with graded pitches show broad bands in their reflection spectra and metal-like appearances. In this work we report on optical measurements carried out by normal illumination with non-polarized light of a small section of the surface of the scarab's cuticle for golden-like and red C. aurigans, and for silver-and golden-like C. chrysargyrea scarabs (Section 2). Basic aspects of the theoretical framework are summarized in Section 3. The corresponding graded pitches are reported and used in Berremann's formalism to evaluate reflection spectra of perfect left-handed chiral structures that display the main features observed in the reflection measurements (subsections 4.1 and 4.2). In Section 4.3 the helicoidal structure is treated as a one dimensional photonic crystal, and the dispersion relation characterizing this kind of twisted arrangements is reported. The contributions of non-perfect left-handed twisted arrangements to the reflection spectra are considered in subsection 4.4. A novel analysis of the optical role played by the epicuticle that covers each chiral structure is developed in the subsection 4.5.
Optical Measurements
The visual appearances of the four specimens of jewel Chrysina scarabs considered throughout this study are shown in Figure 1 . The corresponding reflection spectra are depicted in Figure 2 . A small local section of the cuticle's surface(~0.8 mm 2 ) was normally illuminated with non-polarized light as described elsewhere [16] , for wavelengths between 300 and 1100 nm covering the near ultraviolet, visible and near infrared wavelengths ranges. The number of spectral measurements is N λ = 800, with a uniform step of 1.0 nm. Measurements were carried out using a fiber optic spectrophotometer (AvaSpec 3648) and a halogen Deuterium lamp (AvaLight DHc), with an aluminium specular reflectance standard (Ocean Optics STAN-SSH) for normalization. The uncertainty in the reflection measurements is around 1%. The background non-polarized R o -reflection at short wavelengths is due to the epicuticle that coats the left-handed chiral structure.
Although the reflected intensities show some dependence with the illuminated site in the elytron, the differences are not higher than 15% in the spectral regions of maximum reflection. The spectral features of the measurements do not show any dependence with the specific site considered [7] . The four spectra show broad reflection bands whose bandwidths are approximately given by Δλ exp = 375 nm for the golden-like C. aurigans, Δλ exp = 328 nm for the red C. aurigans, Δλ exp = 463 nm for the golden-like C. chrysargyrea, and Δλ exp = 334 nm for the silver-like C. chrysargyrea. Each exp λ λ λ′ ∆ = ∆ + ∆ with Δλ' as an estimate of the spectral width of the shoulder, plateau or first peak displayed just after the reflection edge, and Δλ as an estimate of the spectral width of the rest of the bands that show fine structures. These spectral widths will serve us, in Section 4.3, as guide to analize later how the reflection band emerges from the photonic crystal behavior of the structures. The bandwidths Δλ exp are about one order of magnitude larger than those found in cholesteric liquid crystals [6] . The spectra also display shoulders or plateaus: they begin just after the reflection edges for the first three cases, while for the silver-like C. chrysargyrea the plateau appears after three reflection peaks with lower values (which are between 550 and 625 nm). The first three bands display ripple structures superimpossed on the main oscillations in the regions of high reflections values, which cover the visible range or part of it, with their tails in the near infrared. The well defined ripple structures observed through the whole spectral range considered suggest that the reflected light is predominantly coherent. A wider fine structure has been observed in the reflection spectrum of C. optima scarabs when the cuticle is normally illuminated with visible light [17] [18] . A similar structure has been displayed in the spectral ellipticity and degree of polarization characterizing the reflection of light by the cuticle of Cetonia aurata scarabs [19] . Wider oscillations are observed through the reflection band of the silver-like C. chrysargyrea, with loss of coherence in the near infrared, where a reflection band is displayed with a less defined structure. Low reflection values (attributed to the epicuticle coating layer) are seen at short wavelengths, as indicated in the figures, with very abrupt reflection edges in the visible and more gradually decaying values towards the near infrared. As shown elsewhere, the light reflected by the C. aurigans' cuticle is predominantly left-handed circularly polarized [7] , in the spectral range where the reflection bands are displayed. At short wavelengths, at the left sides of the bands, the reflected light is predominantly non-polarized.
Theoretical Formalism
There are several formalisms to describe the propagation of light through chiral media [20] [21]. The propagation of electromagnetic waves through anisotropic plywood structures can also be described by the formalism developed by Berreman [22] . It consists of solving the eigenvalues' equation
where k = 2π/λ is the light wave number in vacuum, λ is the wavelength in vacuum, and
− is a column vector whose four components correspond to the electric and magnetic intensity fields contained in the XY plane where the dielectric properties of the medium are uniform, and Δ as the Berreman's propagation matrix [23] . Berreman initially writes the differential formulation of Maxwell equations (Faraday and Ampere laws) in a 6 × 6 matrix formalism which is then reduced to a 4 × 4 matrix approach by writing the z-components of the electromagnetic fields in terms of the tangential components involved in the definition of the four-vector ψ . Thus, a 4 × 4 formalism is devised and the explicit form of the Berreman matrix is obtained in terms of the components of the tensor dielectric function ( µν ε with , , x y z µ = and , , x y z ν = ) [23] , and also in terms of the Euler angles θ and φ which specify the direction of the unit director vector m . For non-homogenous cholesteric-like stratified media, with θ = π/2, m is in the plane XY and its azimuth orientation matches the average orientation of the chitin nano-fibrils at each depth z. Berreman's matrix is given by [24] 
with sin w n η ϕ = , n w is the refractive index of the medium above the stratified media (in this case the waxy epicuticle coating), ϕ is the angle of incidence, ( ) o n n n = − ∆ . We are using the wavelength dependent average refractive index n of chitin published elsewhere (see Figure 3 (a) and [25] ), neglecting [25] and [29] . The ultraviolet (UV) and near infrared (NI) spectral regions are labeled, and the color bar indicates the visible (V) spectral range.
absorption because of the small values of the extinction coefficient of chitin for visible wavelengths, which are of the order of 10 −4 (see Figure 3(b) ). Chitin's birefringence for visible wavelengths has been reported close to 0.04 c n ∆ = [26] . Uric acid has been found in some scarabs' cuticles [27] . The presence of this substance, whose birefringence has been reported between 0.22 and 0.31 [28] , increases the effective birefringence of the medium.
In these cases we evaluate the average refractive index ( ) n λ and the effective birefringence n ∆ by averaging the refractive indices of chitin and uric acid according to the volume fraction occupied by each material. From the spectral dependence of the average refractive index through the visible wavelength range, we evaluate its average value in the visible range: v n . This means that the volume fraction of uric acid is used as a fitting parameter, by assuming it as a uniform distribution. The refractive index and extinction coefficient of uric acid have also been published elsewhere (see Figure 3 and [29] ). is greatly simplified from the four eigenvalues of the ∆ -matrix, whose explicit expressions have been given by Wöhler et al. [24] . Then, based on the continuity of the tangential components of the electromagnetic fields, the complete structure can be divided in very fine slices of thickness h, with h much smaller than the thickness of the complete plywood structure. The h-value is set small enough to ensure numerical convergence. In this way, a radiative transfer matrix formalism has been devised in order to evaluate, from the complex amplitudes for co-polarized (r LL and r RR ) and cross-polarized (r RL and r LR ) reflection of circularly polarized light [11] , the light reflection by these types of twisted arrangements:
, and
A similar 6 × 6 matrix approach was developed to describe the propagation of harmonic mechanical waves through chiral layered structures [30] . This formalism has been applied to study the mechanical properties of millimeter-sized chiral structures found in the dactyl club of mantis shrimps [31] [32].
Modeling of Reflection Spectra
In this section the reflectance spectra of the four scarab beetles being considered are modelled from the formalism of Berreman briefly described in the previous section. The optical constants of chitin and uric acid enter in this approach, as well as the spatial period characterizing the left-handed chiral structures. First, the method to obtain the pitch of each structure in terms of the depth through the cuticle is reviewed and improved to take into account that the SEM images used could correspond to inclined cuts. The angles of inclinations are obtained from optimization of the spectral position of the reflection edges or plateaus. Then, the optimized pitches are again introduced in the Berreman's formalism to evaluate reflection spectra under normal illumination with non-polarized light. A novel characterization of the photonic band gap of the C. aurigans scarabs is carried out to show how an effective broad band in reflection emerges from an intrinsic narrow band width that shows a dependence of its spectral position on the depth through the endocuticle. The contribution of defects to the reflection spectra is also considered as well as the presence of the epicuticle which shows to be an anti-reflecting coating as well as a weakly scattering layer covering the twisted structures.
Spatial Periods or Pitches
As seen from the previous section, the key aspects to apply Berreman's framework are the knowledge of the optical constants and birefringence of the materials, as well as the pitches of the structures which in this case are dependent on the depth z through the cuticles. In the second paragraph of the Introducción we briefly mentioned how the pitch is obtained from SEM images, with additional details published elsewhere [12] [13] . We report here a revised version of the method previously followed. SEM images of the cuticle of golden-like and red C. aurigans specimens as well as golden-and silver-like C. chrysargyrea scarabs have been taken, as shown in Figure 4 . We assume that each SEM image corresponds to a cut carried out nearly perpendicular to the layered structure. We specify the deviation of the cut from the normal to the surface by means of a small angle β (see Figure 5 ) which is used as a fitting parameter as explained later. If β has large values, successive rows of arc-paterns will be displayed instead of a layered structure, and β would be the complementary angle to α, the incision angle as defined by Aguilar and Rey [14] [15] . Each SEM image was used, by means of the PhotoShop ® tools, to put a fine line in the middle of each dark layer (see Figure 2 in [12] ). These marks are used to measure the depth z for each dark layer, from the number of vertical pixels counted from the bottom of the epicuticle to the position of the dark layer. The thicknesses of the dark layers are around 20 nm. As an example, a scale of 202 pixels/μm was used through the analysis of the images for the C. chrysargyrea scarabs. The locations of the fine lines centered at positions of the dark layers have uncertainties corresponding to 1 pixel or equivalently
. This is the uncertainty in the measurements of the pitch for the C. chrysargyrea scarabs and for the red C. aurigans beetle. For the golden-like C. aurigans we estimate an uncertainty of 7 nm. From one line in the middle of a dark layer to the next one, the angle φ changes in π radians. The pitch is given by ( ) ( )
and then the uncertainty in the pitch determination is P P z z ∆ = ⋅ ∆ . This gives values close to 10 nm at small z-values and uncertainties close to 1 nm when the z-coordinate approaches the thickness of the structure. In this way the apparent values of the pitch [P(β, z)] and their uncertainties were obtained from the SEM images. Their dependences with the depth through the cuticle are shown in Figure 6 . The spectral position of the reflection edge or the plateau is sensitive to the smaller values of the pitch. This fact is used to optimize the β-value, with the real pitch given by ( ) ( )
Through small depths, the pitches of both aurigans varieties are similar, with maximum values at ~1 μm depth. Beyond the 3 μm depth the pitch of the red aurigans is larger than that of the golden-like scarab, with a difference close to 50 nm between minimum values at depths close to 9 μm. Due to the normal dispersion in the chitin and uric acid refractive indices for visible wavelengths, the minimum values approximately define the spectral location of the reflection edge. Close to the reflection edge, where the reflection band starts its deployment, the Bragg condition under normal incidence establishes that This, along with a greater birefringence, would explains why the reflection edge is found at around 625 nm for the red scarab and at about 525 nm for the golden-like beetle. Some authors have speculated about the red coloration of the C. aurigans in terms of an irregular distribution of uric acid in the exocuticle [33] . Our analysis shows that this hypothesis could be only part of the explanation, and that the main reason of the red variant of C. aurigans is the larger minimum values of the pitch as compared with those of golden-like specimens. The depth dependence of micrometer-sized pitches of milimiter-sized chiral structures found in the dactyl club of mantis shrimps has been measured [31] .
Reflection Spectra of Perfect Left-Handed Twisted Structures
The computed reflections spectra that correspond to the measured ones depicted in Figure 2 are displayed in Figure 7 , with the parameters corresponding to each figure reported in Table 1 . The parameter f specifies the (N) is characteristic of the corresponding z-dependence of the spatial period and the thickness h s of the structure. The angles β have been optimized in order to have coincidence between the spectral positions of the plateaus in the reflection spectra, the measured and the calculated ones.
The spectra displayed in Figure 7 do not include the reflection contribution due to the epicuticle, the R o indicated in Figure 2 . These spectra correspond to perfect left-handed chiral structures. As seen, the plateaus approach a reflection value of 50% while they are close to 30% in the measured spectra (see Figure 2) . Apart from this fact, the general spectral features observed in the measured spectra are reproduced in the model, including the ripple structures displayed in the spectra of the C. aurigans and golden-like C. chrysargyrea. These fine spectral structures have been qualitatively attributed to the presence of graded pitches through the cuticles by McDonald et al. when they considered the reflection of light by the cuticle of Chrysina optima scarabs [18] , a fact previously established from a quantitative approach by Libby et al. [12] . As mentioned before, fine structures are displayed in the ellipticity and degree of polarization spectra of Cetonia aurata beetles [19] . In this case, the authors attribute the fine structure to "interference oscillations due to the overall thickness of the cuticle", and they characterize the chiral structures with a main single pitch value when analyzing their ellipsometric data.
As also shown elsewhere [12] [13], the presence of defects through the chiral structures contributes with left-handed non-coherent light to the reflected spectra. The measured left-handed circularly polarized reflection spectra have a contribution of predominantly coherent light with a small fraction of non-coherent radiation. Besides, for both C. aurigans and the golden-like C. chrysargyrea, the presence of the largest pitches at the first spatial periods means that the infrared reflection is mainly determined by the first twisted layers of the structure. The reflection in the visible spectrum is mostly determined by the medium sized pitches located toward the center of the structure. The calculated reflection spectrum of the silver-like C. chrysargyrea scarab shows a reflection peak at short wavelength, in the near ultraviolet (UV), which is not observed in the measured spectrum (see the dashed line in Figure 7 (d) for wavelengths lower than 370 nm). The presence of a light scattering and absorbing waxy epicuticle covering the chiral structure, and the absorption of light by the uric acid in the near ultraviolet, can explain the absence of this reflection peak at short wavelengths. Both chitin and uric acid display very little absorption through visible and near infrared wavelengths. Low (large) fluctuations allow us to obtain a calculated reflection spectrum very similar to the measured one in the visible (near infrared). Due to the monotonically increasing pitch of the structure with the depth z through the procuticle, the reflection beyond the plateau is due to multiple reflections from the deepest spatial periods. Following a calculation method similar to that previously reported to analyze the spectral variation with the depth z in the reflection spectra of the C. aurigans [13] , we have observed that for the silver-like C. chrysargyrea the reflection in the near infrared is determined by the deepest pitches located beyond 0.7 7.6 m s h ⋅ = µ . We conclude that through the last 3.3 μm of the structure the volume fraction of uric acid is larger than a value close to 0.59 which characterizes the rest of the structure, with larger fluctuations in the average refractive index. This leads to a reflection band in the near infrared with a less defined spectral composition, which is associated to loss of coherence.
Broadening of the Photonic Band Gap
In this Section we consider the left-handed helicoidal structures of the C. aurigans scarabs as one-dimensional photonic crystals. A similar analysis for the other two scarabs being considered will be published in the near future. The dispersion relation for circularly polarized electromagnetic waves of angular frequency ω and wave number k propagating through a chiral structure characterized by a single pitch value P o is given by [5] ( ) ( )
with o k q =  and where ( ) ( ) ( ) ( )
with ( )
as the complex amplitudes of the electric field components, and ( ) z ε as a 2 × 2 tensor dielectric function whose components are the matrix elements ε xx , ε xy , ε yx , and ε yy previously mentioned in Section 3.
When the chiral structure is characterized by a graded pitch [P=P(z)], within a zero order approach of the photonic band width, we suppose that q o must be replaced by . This relation can be written in the form
with ( ) max min 2 P P P = + and max min P P P ∆ = − . This Equation (5) is an extended version of the previous formula for Δλ when the chiral structure has a single valued pitch. The second term in the right side quantifies the broadening of the band gap due to the presence of a graded pitch. Equation (5) is valid for the so-called chirped structures with smooth linear variations of the pitches with the depth z. Table 2 shows the values of the parameters used to evaluate the wavelength ranges of the band widths that correspond to the reflection spectra displayed in Figure 2 . The real minimum and maximum values of the pitches [P min and P max respectively] are obtained from the apparent minimum and maximum values [P min (β) and P max (β) respectively] displayed in Figure 6 , and the optimized β-angles reported in Table 1 . When comparing the Δλ-widths reported in the penultimate column . The values of the parameters used to evaluate Equation (3) were set to: P o = 443 nm, ε ║ = 2.93, and ε ┴ = 2.36 which correspond to the golden-like C. aurigans according to data reported in Table 1 , for a wavelength of 700 nm. The value of P o corresponds to the average value of the pitch for this golden scarab.
of Table 2 with the band widths of the reflection spectra depicted in Figure 2 , we observe that Δλ corresponds approximately to the width of the wavelength range through which the ripple structure is displayed, i.e. Table 2 can be compared with corresponding ones estimated from the reflection spectra depicted in Figure 2 , and total λ λ λ′ ∆ = ∆ + ∆ can be compared with Δλ exp . The agreement is quite good, with relative differences lower than 5%. The exception is the silver-like C. chrysargyrea whose reflection spectrum shows a broad reflection band in the near infrared with few spectral structures. Regarding the golden-like C. aurigans, the presence of a depth dependent spatial period leads to a broadening of the photonic band gap, which goes from 580 to about 900 nm (see both horizontal lines displayed in Figure 9 ), but within our zero order approach this is not sufficient to explain the broader width of the reflection band only in terms of λ ∆ . Our next approach to display a larger broadening of the photonic band gap, by taking into account the graded pitch, is based on substituting q(z) by Q(z) in Equation (3), with
This relation is obtained when deriving twice the
components involved in Equation (4) and writing the new dispersion relation (when 0 k → ) in the form Table 2 . Apparent and real values of the minimum and maximum pitches of the four chiral structures being considered, and corresponding averages and differences, as well as birefringence and average refractive index used to calculate the band widths according to Equation (5) . The values of all parameters are given in nm, except those of the dimensionless Δn and n v . Figure 9 . Variation of the photonic band gap Δλ with the depth z through the cuticle for golden-like (a) and red (b) C. aurigans beetles whose depth dependent pitches are shown in Figure 6(a) . In terms of wavelength, both solutions of Equation (7), the bands λ + (z) and λ -(z) are also displayed. Δλ b and Δλ a are the wavelength band gaps at those depths where the spatial period displays its maximum and minimum values respectively. The dielectric function values for the golden-like (red) are: ε ║ = 2.96 and ε ┴ = 2.39 (ε ║ = 2.98 and ε ┴ = 2.36).
with ( ) (
In this way the photonic band gap depends on the local value of the spatial period, and on its first and second derivatives whose evaluations have been carried out by means of finite differences with a step 50 nm z ∆ =
and
From the ω ± values obtained from Equation (7), the corresponding λ  values are calculated as a function of the depth z through the cuticle of the scarab, with an uncertainty close to 8 nm due to the uncertainty in the pitch measurements. . These apparent coincidences are really manifestations of the scaling invariance of Maxwell's equations, as discussed by Joannopoulos et al. [35] . This effect, a photonic band gap whose spectral position depends on the depth through the structure, was observed from radiative transfer matrix computations by Fan et al. when considering multilayers of silver nano-particles embedded in a TiO 2 matrix [36] . In this case, the graded property of the system is the effective refractive index of the composite layers, described by an effective medium approach, which is tailored by changing the volume fraction of the metal particles.
Contributions of Non-Perfect Left-Handed Twisted Structures
The presence of defects through the twisted structures corresponding to C. aurigans (both red and golden-like) and golden-like C. chrysargyrea contributes to the spectra by adding a small amount of non-coherent left-handed reflected light, with a broad band centered at 800 nm in the near infrared. In the case of the silver-like C. chrysargyrea, a broad reflection band in the near ultraviolet is displayed, with its tail in the visible. The presence of a light scattering and absorbing epicuticle above the twisted structure would probably contribute to suppress this reflection at UV and short visible wavelengths. Defects in these cases mean deviations from the perfect rotation of the azimuth angle through depth z. Our simulations of the defects' contributions are based on carrying out, at each specific depth considered, small variations of the azimuth angle: ( ) ( ) 
; , exp 2 2π
From the calculated N μ = 20 reflection spectra, each one for a specific value of μ in the mentioned range, we evaluate the average reflection spectra that allow us to incorporate the effect of randomly distribuited defects on the re-sultant reflection spectra: Figure 10 shows the results obtained when μ o = 0.12 and σ = 0.06 together with the other parameters reported in Table 1 . Figure 11 displays the superposition of both contributions to obtain the resultant calculated reflection spectra:
. The F-values are evaluated from the ratio between the average measured reflectance values through the shoulders or plateaus (Figure 2 ) and those displayed in the calculated reflection spectra that corresponds to the perfect chiral structures (Figure 7) .
The non-coherent contributions introduce weak modulations of the largest contributions due to the perfect left handed-chital structures. As seen, the general spectral features displayed in the measured reflection spectra are reproduced in the model. The values of the different parameters required by the model (volume fraction of the uric acid f, birenfringence Δn, largest value of the refractive index fluctuations δn, and angle of inclination β) correspond to a good level of optimization carried out from extensive numerical calculations.
We suppose that these values are very close to the true ones, and they have been used to show how the main spectral features of the measured reflection spectra can be approached by following the method reported in this work. In fact, a better morphological characterization would be required to incorporate in a more rigorous way the contribution of defects to the resultant light reflection spectra.
The Epicuticle: An Anti-Reflecting and Weak Light Scattering Coating
Research works that report the optical properties of epicuticles are scarse [37] . In a previous publication we have taken into account the contribution by the epicuticle in terms of a single reflection at the front illuminated interface:
 with n w as the refractive index of the waxy epicuticle as mentioned above [13] . This assumption neglects the effect of the second interface between the epicuticle and the chiral structure, and the consequent multiple reflections. We now extend our interpretation of the role that the epicuticle has in terms of its contribution at short wavelengths to the reflection spectra. The low measured values of R o reported in Figure 10 . Non-coherent reflection spectra (R nc ) of the twisted structures corresponding to cuticles of the four scarab beetles considered throughout this study, by incorporating deviation in the azimuth angle that specify the orientation of the nano-fibrils of protein-chitin. The average deviation and standard deviation were set to μ o = 0.12 and σ = 0.06. The ultraviolet (UV) and near infrared (NI) spectral regions are labeled, and the color bar indicates the visible (V) spectral range. Figure 2 , we have used an inversion procedure to obtain the extinction coefficient for the golden-like C. aurigans whose epicuticle has a thickness h e = 0.8 μm. Figure 11(a) shows the spectral dependence of the extinction coefficient at UV and short visible wavelengths. The low values displayed through the extinction band characterize the epicuticle as a weakly scattering medium. The weak scattering of light is probably related to the presence of nano-sized pores and channels used to transport wax towards the top of epicuticle [42] . When modeling ellipsometric measurements, Arwin et al. have attributed this extinction to scattering, modeling the scattering coefficient through an equivalent absorption coefficient described by an Urbach tail towards visible wavelengths [13] . They set the edge of the extinction band in λ o = 400 nm with no justification. Our results suggest that the edge of the extinction band is in the ultraviolet, perhaps close to 200 nm. With this correction in the parameter λ o , values of the equivalent absorption coefficient become similar to values depicted in Figure 12(a) when approaching the middle of the visible range. The noise in the measurements, at short wavelengths where the reflection values are small, introduces a large relative uncertainty in these evaluations. We estimate uncertainties no larger than 15 percent. In fact, the noise for wavelengths lower than 360 nm does not enable us to evaluate the extinction coefficient at shorter wavelengths. On the other hand, beyond 505 nm the effect of the chiral structure dominates over the epicuticle's contribution. Once the extinction coefficient has been obtained, and by assuming that extinction is due entirely to scattering, the collimated-collimated component of the transmission (T cc ) can be evaluated from ( )( ) 
For a weakly scattering medium, it is reasonable to assume that the average path-length parameters characterizing both the forward and backward propagating diffuse radiation are close to unity [43] . These parameters account for the average distances travelled by the forward and backward diffuse radiation as compared to the collimated beams, and for highly scattering materials they depend on the polar angle dependent diffuse intensities. By also assuming that the forward scattering ratio for diffuse radiation is equal to the forward scattering ratio for collimated beams [44] , the collimated-diffuse component of the reflection can be calculated from where r d [R d ] is the internal reflection coefficient for diffuse radiation in the epicuticle-air [epicuticle-chiral structure] interface [45] . The collimated-diffuse transmission is then obtained from: Figure 12(b) shows the results. The collimated and diffuse components of reflection are very small: R cc = R o is about 3% and R cd is close to 1%. The diffuse component of the transmission (T cd ) reaches largest values close to 30% for wavelengths close to 430 nm, with decreasing values towards the near ultraviolet and the middle of the visible. The collimated component of the transmission (T cc ) displays its lower values close to 67% near 430 nm. In this spectral region the amount of light reaching the chiral structure decreases up to 33%. Most of the incidentlight is transmitted through the epicuticle as collimated radiation, for wavelengths approaching the near ultraviolet and beyond the middle of the visible wavelength range. Once traveling through the chiral structure, this collimated component is attenuated due to the absorption by the uric acid, whose absorption coefficient has its largest values in the near ultraviolet (see Figure 3(b) ).
The superposition of these two effects (weak scattering by the epicuticle at short visible wavelengths and weak absorption in the near ultraviolet by the uric acid in the chiral structure) can explain the absence of structure in the reflection spectra through the mentioned wavelengths ranges, even for the silver-like C. chrysargyrea scarab whose measured reflection spectrum displays a first peak at 430 nm. The weak scattering by the epicuticle has not been sufficient to suppress this peak, but the absorption by the uric acid at lower wavelengths has removed the presence of a peak in the near ultraviolet, close to 320 nm.
Summary and Conclusions
Measured reflection spectra obtained from the cuticle of four different specimens of Chrysina scarab beetles by illuminating with non-polarized light are reported for a spectral range that covers near ultraviolet, visible and near infrared wavelengths. The structural colors of these scarabs are determined by spectrally structured reflection bands that cover portions of the visible range, or even the whole visible ambit. The bands themselves, and their spectral features, have been satisfactory modeled by application of Berreman's formalism. The key aspect has been the previous determination, from SEM images, of the spatial period characterizing the corresponding chiral structures. The dependence of these pitches with the depth through the twisted structure enters in Berreman's approach, together with the spectral dependence of the refractive indices of chitin and uric acid. To our knowledge, for the first time, biological twisted structures with depth dependent spatial periods are systematically considered, and their optical properties satisfactorily modeled from a radiative transfer matrix formalism in which the graded pitch depth dependences and anisotropic optical constants of the involved materials enter. Defects randomly distributed through the chiral structures decrease the heights of the reflection bands and add small contributions of non-coherent reflected radiation. For wavelengths in the near-ultraviolet and short visible wavelengths, a novel optical characterization of the epicuticle has been devised. From the optics point of view, these waxy layers that cover the chiral structures can be considered as anti-reflecting coatings, which also show a weak scattering of the propagating light. Collimated and diffuse components of reflection and transmission have been evaluated. Both reflection components are very small but significant amounts of collimated and diffuse transmitted light are specially displayed at short visible wavelengths. The method followed to consider the photonic band gaps of twisted structures characterized by single valued pitches has been extended to incorporate the dependence of the spatial periods with the depth through the cuticle. In this way, the optical mechanism that leads to reflection spectra with very broad bands is demonstrated.
